presented evidence of an activity in HeLa cell nuclear extracts that released radlolabeled material from a poly(dGdC) polymer that had been methylated and simultaneously labeled on cytoslne residues by Incubation with a CpG-speclflc DNA methylase and [methyl-^S-adenosylmethionine. Based on chromatographic evidence that the released products were thymlne and 5-methylcytosine and on radiolabellng data suggesting a concomitant increase in abasic sites, the authors concluded that the releasing activity was a 5-methylcytosine-speclflc glycosylase and that the solubllized 5-methylcytosine was converted to thymine by a nuclear deaminase. We have confirmed that HeLa nuclear extracts promote release of ethanol-soluble radioactivity from a methyl-labeled poly(dG-5-methyldC)polymer, but the products released were neither 5-methylcytosine nor thymlne. Furthermore, free 5-methylcytoslne was not deamlnated by Incubation with the nuclear extract. The labeled compound released initially from the polymer appeared to be 5-methyldeoxycytldine monophosphate, which was converted to 5-methyl-deoxycytidlne, thymldine monophosphate, and/or thymidlne by further incubation with the nuclear extract. The activity responsible for the release, therefore, was a nuclease. Release of ^P-labeled nucleotides from a ^P-labeled poly(dG-dC) polymer suggested, furthermore, that the activity was not specific for methylated DNA.
INTRODUCTION
In view of the importance of cytosine methylation to gene regulation and mutagenesis in mammalian systems, the pathways and enzymes responsible for methylation and de-methylation of DNA sites have become the focus of much attention (reviewed in 1). A mammalian DNA methyltransferase, specific for the CpG dinucleotide sequences that are the major targets for cytosine methylation in vivo, has been characterized in considerable detail and shown to be critical for mouse embryogenesis by gene knockout (2) . The mechanism for de-methylation of 5-methylcytosine (5-MeC) residues in DNA is less clear, but it appears to involve removal of either the modified base or nucleotide and subsequent replacement through incorporation of an unmethylated cytidine nucleotide (3) . An excision/repair activity has been described in nuclear extracts of chicken embryos and differentiating mouse myoblasts that appears to work through a 5-methylcytidine-specific", EDTA-resistant endonuclease activity (4, 5) . This activity is missing, or barely detectable, in nuclear extracts from adult tissues or HeLa cells (4) .
Recently, Vairapandi and Duker proposed an alternative pathway for removal of 5-MeC involving a 5-MeC-specific DNA glycosylase (6) . They found that incubation of a [methyl- 3 H]poly(dG-5-methyl-dC) polymer with a HeLa cell nuclear extract caused the release of radioactivity in an ethanolsoluble form. The release reaction required magnesium ions and was dependent on time, nuclear protein concentration, and polymer concentration. The products were identified as thymine and 5-MeC by co-migration with marker compounds in HPLC and TLC. The ratio of 'thymine' to '5-MeC' label increased with time of incubation leading the authors to suggest that the released 5-MeC was deaminated to thymine by another activity in the nuclear extracts. Release of methyl label correlated temporally with an increase in sites that could be labeled with tritiated sodium borohydride, but the stoichiometry of the putative abasic sites was only -10-15% that of the released '5-MeC.
Our interest in enzymes that might be responsible for the mutagenic potential of 5-MeC residues in DNA led us to investigate this putative 5-MeC-specific DNA glycosylase. We were able to confirm the presence of a 5-MeC releasing activity in HeLa nuclear extracts, but our results were incompatible with identification of the enzyme as a DNA glycosylase.
MATERIALS AND METHODS

[Methyl-
3 H]poly(dG-5-methyl-dC) was synthesized from poly(dG-dC) (Pharmacia Biotech) by methylation with the Sssl methylase (New England Biolabs) in the presence of [methyl- 3 H]S-adenosylmethionine (Dupont/NEN), and HeLa nuclear extract (HelaScribe) was purchased from Promega Biotec as described by Vairapandi and Duker (6) . [ potassium chloride, 10 raM ammonium sulfate, 2 mM magnesium sulfate, 0.1% Triton X-100, 0.1 mg/ml bovine serum albumin) was incubated for 5 min at 100°C, cooled to 78°C, and incubated for 30 min at this temperature with 2.5 U cloned Pfu DNA polymerase (Stratagene); 5 ul containing 2 mM each of dCTP and dGTP was then added, and incubation was continued for 30 min more. The product was denatured by heating 5 min at 82°C in 40% formamide and re-annealed by slow cooling (3°C/h) to 53°C and then holding for 6 h at this temperature (in a thermal cycler [MJ Research]) before purifying by extraction and ethanol precipitation. A portion of this material was methylated as above, but using unlabeled S-adenosylmethionine. Our standard incubation buffer contained 20 mM Tris-HCl (pH 7.8), 5 mM magnesium chloride, 0.1 mM EDTA and 0.5 mg/ml protease-free bovine serum albumin (Miles Laboratories). This differed from that used by Vairapandi and Duker (6) only by a 5-fold increase in bovine serum albumin to provide better enzyme stabilization and the inclusion of a small amount of EDTA to chelate any heavy metal contaminants. Also, in light of an early experiment showing that addition of unlabeled poly(dG-5-methyl-dC) (Pharmacia Biotech) or poly(dGdC) promoted the reaction from trace amounts of the labeled polymer (data not shown), most reactions contained 10 ng/(il unlabeled poly(dG-dC) in addition to the labeled polymer and HeLa nuclear extract. After incubations at 37 °C, 20 fj. 1 samples were mixed with 10 |il containing 0.9 M sodium acetate (pH 5.2) and 0.5 mg/ml yeast tRNA followed by 75 ul 95% ethanol. The polymer and tRNA were then removed by centrifugation, and portions of the supernatant fractions were counted in an Aquassure scintillation cocktail (Dupont/NEN). For thin layer chromatography, ethanol supernatant fractions (as above) were dried under vacuum, dissolved with 30 u.1 water, re-dried and dissolved with 2 (xl water or an aqueous solution of unlabeled 5-MeC and thymine markers (Sigma Chemical Co.). About half of each sample was spotted at the origin of a plastic-backed cellulose TLC plate containing fluorescent indicator (Kodak #13254). Ethanol pellet fractions (for Fig. 3 ) were washed with 70% ethanol, dried, suspended in 6 N hydrochloric acid and hydrolyzed for 2 h at 120°C. The hydrolyzates were then dried under vacuum and dissolved with 2 ul of the marker mixture as above. (Residual salts or other substances in the supernatant samples limited the amounts that could be analyzed successfully and altered slightly the mobilities of marker compounds. Where labeled nucleotide-, nucleoside-or pyrimidine-base samples were to be run without incubation, they were spotted with the residue from reactions with unlabeled polymer to mimic the sample conditions of the incubated samples.) After developing for -200 min in a solvent mixture containing 137 ml isopropyl alcohol, 34 ml concentrated hydrochloric acid and 29 ml water, the chromatograms were dried and marker positions were outlined under ultraviolet light. For fluorographic detection of tritium-labeled compounds, the chromatograms were impregnated with 0.4% 2,5-diphenyloxazole in 2-methylnaphthalene (7) and exposed to X-Ray film (Kodak X-omat) at -70°C.
32 Plabeled compounds were detected by direct autoradiography. Figures 1 and 2 show that, as reported by Vairapandi and Duker (6), HeLa nuclear extracts catalyze the solubilization of [methyl- H]poly(dG-5-Me-dC). After an initial burst, the reaction was roughly linear for several hours (Fig. 1 A) , and the reaction saturated at ~0.1 mg/ml nuclear extract protein (Fig. 1B) . We were unable to saturate the reaction with the polymer substrate, but curve-fitting suggested MichaelisMenton behavior with a K m approaching 300 uM polymeric 5-MeC (Fig. 2) . As reported previously, the reaction required magnesium ions. Figure 3 shows analysis of the products of overnight incubations of labeled polymer with or without nuclear extract. As before, solubilization required extract and was inhibited by omission of magnesium (Fig. 3, lanes a and d) . Contrary to the claim of Vairapandi and Duker (6), the released product had the (Fig. 3, lanes  b and c) . Furthermore, overnight incubation of 5-MeC with the nuclear extract did not convert it to the released product (Fig. 3 , lanes e-g). Acid hydrolysis of the ethanol precipitate released only 5-MeC whether or not the polymer had been incubated with nuclear extract (Fig. 3, lanes h and I) . Subsequent thin layer chromatograms, run with additional marker compounds, suggested that the released product was either thymidine or thymidine monophosphate. Figure 4 shows that, in contrast to 5-MeC, both 5-Me-dCMP and 5-Me-CdR were converted to a compound or compounds with the mobility of the released compound after incubation with nuclear extract Since there was no apparent dearrunation of polymeric 5-MeC (Fig. 3) , it would appear that the solubilization activity of HeLa nuclear extracts released either 5-Me-dCMP or 5-Me-CdR and the nucleotide or nucleoside was then deaminated by deoxycytidylate or cytidine-deaminase (8) . Although thymidine and thymidine monophosphate markers were not well-resolved by the thin layer system, the phosphorylated compound had slightly faster mobility (data not shown). The identical mobilities of the released product and the products from incubation of either 5-Me-dCMP or 5-Me-CdR, therefore, suggested that the final product was both deaminated and dephosphorylated. Figure 5 shows the presence of 5-Me-dCMP and/or 5-Me-CdR in the products of short incubations and their time-dependent conversion to TMP and/or TdR. Because the experiments performed up to this point had used buffer and/or conditions modified slightly from those reported previously, we also tested whether these changes might be responsible for our failure to detect 5-MeC or thymine among our reaction products. The products of reactions using the precise conditions described by Vairapandi and Duker (reference 6; Fig. 5, lanes a-c) , were indistinguishable from those using our modified buffer (Fig. 5,  lanes d-f) was labeled with 32 P by incorporation of [a-32 P]dCTP in a DNA synthesis reaction and either methylated with the Sssl methylase or not (Materials and Methods). Incubation of these polymers with HeLa nuclear extract (Fig. 6, lanes c-h) released products with thin layer mobilities identical to the dCMP and 5-Me-dCMP released by incubation with nuclease PI (Fig. 6, lanes a and b) . The samples incubated with nuclear extract also had label running with the solvent front, which is where free phosphate runs (data not shown). The rates of release of label from the two 32 P-labeled preparations were comparable to each other and to that seen with the 3 H-labeIed polymer (data not shown).
RESULTS AND DISCUSSION
By demonstrating that the labeled compound solubihzed initially by incubation of [methyl- 3 H]poly(dG-5-methyl-dC) with HeLa nuclear extracts was 5-Me-dCMP, our results snowed that the responsible HeLa cell activity was a nuclease rather than the DNA glycosylase proposed by Vairapandi and Duker (6) The released nucleotide was dephosphorylated and deaminated to yield [ 3 H]thymidine as the final accumulated product. Although polyacrylamide gel electrophoresis of the native poly(dG-dC) preparations used in these studies yielded reasonably discrete species with apparent molecular weights >1 kb, denatured samples gave only an indistinct smear (data not shown). The 'double-stranded' polymers, therefore, probably consisted of short single strands in concatenates and/or more complex hairpin structures that would have sites susceptible to the action of an exonuclease IFI-like activity. Release of 5-Me-dCMP from the polymer by such an exonuclease activity would be consistent with the reported absence in HeLa extracts of a 5-MeC-specific endonuclease (4), the apparent lack of specificity of the reaction for methylated polymer (Fig. 6) , and dependence of the reaction on magnesium ions (reference 6; Figs 2 and 3). It seems unlikely that such an activity would be important for metabolic regulation of DNA methylation
